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In the context of an autologous cell transplantation study, a unilateral biopsy of cortical
tissue was surgically performed from the right dorsolateral prefrontal cortex (dlPFC) in two
intact adult macaque monkeys (dlPFC lesioned group), together with the implantation of
a chronic chamber providing access to the left motor cortex. Three other monkeys were
subjected to the same chronic chamber implantation, but without dlPFC biopsy (control
group). All monkeys were initially trained to perform sequential manual dexterity tasks,
requiring precision grip. The motor performance and the prehension’s sequence (temporal
order to grasp pellets from different spatial locations) were analysed for each hand.
Following the surgery, transient and moderate deﬁcits of manual dexterity per se occurred
in both groups, indicating that they were not due to the dlPFC lesion (most likely related to
the recording chamber implantation and/or general anaesthesia/medication). In contrast,
changes of motor habit were observed for the sequential order of grasping in the two
monkeys with dlPFC lesion only. The changes were more prominent in the monkey
subjected to the largest lesion, supporting the notion of a speciﬁc effect of the dlPFC lesion
on the motor habit of the monkeys. These observations are reminiscent of previous studies
using conditional tasks with delay that have proposed a specialization of the dlPFC for
visuo-spatial working memory, except that this is in a different context of “free-will”, non-
conditional manual dexterity task, without a component of working memory.
1. Introduction
A human subject faces for instance the behavioural task to
collect strawberries from plants arranged along rows and
columns in a garden zone of a few square meters. Although
one can pick-up the fruits in a randomorderwithout following
a systematic spatio-temporal sequence, most people would
choose to follow awell-deﬁned sequence (e.g., from top row to
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bottom row and/or from left column to right column or vice-
versa). When ﬁrst confronted to the task, a systematic order
in the picking sequence derives from a motor strategy aimed
at optimizing the task (e.g., to not miss a few plants, a risk
inherent to a random exploration). When the same task is
repeated over and over, then the motor strategy turns into
a motor habit, in which the subject does not re-think to opti-
mize the task. In this context, it is legitimate to address where
suchmotor habit related to over-trained and nearly automatic
sequential motor task is represented in the brain.
There are numerous reports from non-human primate
studies emphasizing that motor sequencing of voluntary
ocular or arm movements is represented in the mesial part of
the motor cortex (in the large sense), in particular in the
supplementary motor area (SMA), in both the caudal SMA-
proper and the rostal pre-SMA (e.g., Mushiake et al., 1990,
1991; Tanji and Shima, 1994; Clower and Alexander, 1998;
Shima and Tanji, 1998, 2000; Isoda and Tanji, 2003, 2004; Sohn
and Lee, 2007; Berdyyeva and Olson, 2010). In the behavioural
paradigms applied in these studies, the temporal sequence of
movements was instructed visually and, in most cases,
memorized by the monkeys so that it could be repetitively
reproduced, before moving on to another sequence of targets,
and so on. Still in monkeys (Barone and Joseph, 1989;
Funahashi et al., 1993; Ninokura et al., 2004; Shima et al., 2007;
Berdyyeva and Olson, 2010), a fairly comparable representa-
tion of motor sequencing was found in the dorsolateral
prefrontal cortex (dlPFC). A role played by SMA in the control
of motor sequences has also been found in human subjects
(e.g., Gerloff et al., 1997; Boecker et al., 1998; Deiber et al., 1999;
Lepage et al., 1999; Schubotz and Von Cramon, 2001; Verwey
et al., 2002; Van Mier et al., 2004; Bengtsson et al., 2004;
Kennerley et al., 2004; Tanaka et al., 2010).
In the monkey and human experiments listed above, the
motor sequence was strictly controlled (visual guidance and/
or memorized) and, in most cases, highly practiced if not
over-trained. Although the sequential task of strawberry
picking introduced as example in the ﬁrst paragraph above
may also be over-practiced, it is fundamentally different in
the sense that it is a “free-will” motor performance without
imposed sequential order. Furthermore, there is neither
visual guidance nor memorization (at least in the working
memory) of the motor sequence. The neural representation of
such motor habit underlying a motor sequence performed
mainly automatically is poorly understood. To address this
issue, adult monkeys were trained to perform repetitive
manual dexterity tasks (derived from previous versions: see
Brinkman and Kuypers, 1973; Brinkman, 1984), comprising
a spatial component and a temporal sequence, thus possibly
implicating dlPFC, at least during the training phase (Shima
et al., 2007). Nevertheless, contrarily to most, if not all,
studies on dlPFC (e.g., Barone and Joseph, 1989; Ninokura
et al., 2004; Shima et al., 2007), which are built on condi-
tional tasks with delay and emphasize on the retention of
a pertinent information (spatial) used to execute the
sequential task correctly, the present results are based on
“free-will” manual dexterity tasks (see Schmidlin et al., 2011).
The manual tasks require a sequence of repetitive move-
ments aimed at different locations, in absence of any
constraint of success, temporal order or pace. In other words,
the motor tasks used in the present study are non-
conditional, without delay, thus not implicating working
memory per se once learning or practice is acquired. In this
context, after a stable motor performance was reached, thus
excluding the learning phase, a unilateral biopsy of cortical
tissue was performed surgically in the right dlPFC of intact
monkeys, with the aim to culture progenitor cells in order to
perform subsequently an autologous reimplantation into the
lesioned motor cortex (Kaeser et al., 2011). We hypothesized
that in such situation of over-trained sequential movements
based on motor habit, the lesion of dlPFC was performed at
a site that is non-pertinent for the motor control itself
(manual dexterity performance), but it remains unclear
whether the dlPFC still plays a role in the representation of
motor habits governing the sequential order of repetitive
manual dexterity movements to be performed to complete an
over-trained motor task executed on a “free-will” basis.
Addressing this issue for dlPFC is also prompted by a previous
observation also in macaques that a lesion of an adjacent
cortical area (SMA) led to a change of motor sequence for
a similar manual dexterity task (Brinkman, 1984).
Considering dlPFC as a candidate for such motor habit
representation is consistent with the multisensory inputs
reaching dlPFC and its projections to brain structures with
motor functions, such as the premotor cortex, the superior
colliculus, and the basal ganglia. Premotor areas, in turn,
project to the primary motor cortex and to the spinal cord
(Bates and Goldman-Rakic, 1993; Dum and Strick, 1991, 2005;
Fang et al., 2006; Kurata, 1991; Leichnetz, 1986; Lu et al., 1994;
Matelli et al., 1986; Rizzolatti and Luppino, 2001; Sakagami and
Watanabe, 2007). It has been demonstrated that PFC, in
particular dlPFC, plays a crucial role in motor learning and in
the intuitive optimization of a task (establishment of
a strategy), whereas its implication seems to decrease as the
task is progressively trained and automated, delegating the
responsibility of the realization of this acquired speciﬁcmotor
task to other brain regions, such as basal ganglia, premotor,
primary motor, supplementary motor and cingulate motor
areas (see for review Hadj-Bouziane et al., 2003; Halsband and
Lange, 2006; Passingham, 1996). Nevertheless, one cannot
exclude that dlPFC remains engaged in a neural network
underlying motor habits adopted to perform a “free-will”
sequential motor task.
2. Methods
2.1. Subjects and behavioural tasks
For the present study, data were collected from a group of 5
male long-tailed macaques (Macaca fascicularis), weighting
between 3 and 6 kg (Mk-VA,Mk-SL,Mk-JA,Mk-JO,Mk-AV). The
monkeys ranged from 2.5 to 5.5 years old at the time of initi-
ation of behavioural training sessions. All the behavioural and
surgical procedures were approved by the local ethical
committee, in accordance with the Guidelines for the Care
and Use of Laboratory Animals and approved by Swiss veter-
inary authorities (see e.g., Kaeser et al., 2010, 2011; Bashir
et al., 2012; Schmidlin et al., 2011). Brieﬂy, the monkeys were
trained to enter and sit into a Plexiglas primate chair
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(Schmidlin et al., 2011). On the front panel of the primate
chair, two sliding doors allowed testing separately the left
hand or the right hand in various manual dexterity tasks
(Schmidlin et al., 2011). The monkeys were not food deprived
and had free access to water, but they did not eat before the
training sessions on that day. After each task, the monkeys
received supplemental food as positive reinforcement, such
as dried raisins, almonds, hazelnuts, peanuts, and cereals.
The body weight of the animals was monitored prior to each
daily behavioural session. A criterion of interruption of the
experiments was a loss of 10% of the total weight of the
animal, an event that did not occur. For the present investi-
gation, the motor performances at the modiﬁed Brinkman
board task e static e and the rotating Brinkman board task e
moving either clockwise or counterclockwise e were ana-
lysed. These two tasks were described in more detail in
previous studies (Brinkman and Kuypers, 1973; Brinkman,
1984; Liu and Rouiller, 1999; Freund et al., 2009; Kaeser et al.,
2010, 2011; Schmidlin et al., 2011) and can be seen on the
following web page: http://www.unifr.ch/neuro/rouiller/
research/brink.php.
For eachmonkey, the performance of the left hand and the
right hand were analysed separately. Analyses were con-
ducted on 11e15 recorded sessions before PFC lesion and/or
cortical chamber implantation, as well as 11e15 recorded
sessions after PFC lesion and/or cortical chamber implanta-
tion. The behavioural sessions were analysed with a video
recorder allowing frame by frame analysis, with a resolution
of 25 frames per second. The following parameters were
analysed: (i) The score, given by the number of pellets
successfully grasped in 30 sec, analysed only for the modiﬁed
Brinkman board task; (ii) The contact time, which is the time
interval between the ﬁrst digit contact with the pellet in the
well and the removal of the successfully grasped pellet from
the well. For the modiﬁed Brinkman board task, this param-
eter was analysed for the 5 ﬁrst and 5 last vertical and hori-
zontal visited wells (20 wells in total). For the rotating
Brinkman board task, this parameter was analysed on all
wells (n ¼ 32); (iii) The sequence of prehension, deﬁned as the
order according to which the animal visited the different wells
to grasp the food pellets. For the modiﬁed Brinkman board
task, each well was numbered (Fig. 1A), whereas for the
rotating Brinkman board task, the ring position (4 in total) was
taken into account (Fig. 1B). The temporal sequence was then
quantiﬁed as explained in the results section in order to
determine whether the monkeys adopted a reproducible
temporal sequence for visiting the different wells.
These data were analysed and coded in an analysis
protocol sheet and a database was then created in an Excel
spreadsheet. Graphics, panels and statistical analyses were
performed using the softwares Excel, and SigmaPlot/Sigma-
Stat. Some graphs were also produced with a home-made
program developed in Matlab. The statistical analysis was
based on the distribution of motor performance data points
post-surgery with respect to a domain of reference deﬁned by
mean pre-surgery values plus or minus 2 standard deviations
(SDs) (e.g., Fig. 3). The quantitative data reﬂecting the motor
sequences were analysed statistically based on the non-
parametric Mann and Whitney test, again comparing pre-
versus post-surgery data (e.g., Figs. 5 and 7).
2.2. Surgical procedures
The surgical procedures were described in previous reports
from this laboratory (Liu and Rouiller, 1999; Kaeser et al., 2010,
2011; Bashir et al., 2012). Brieﬂy, after completion of training
and once the monkey reached a behavioural plateau, the
animal was subjected to the following surgical procedures.
The operative site was shaved and cleaned with betadin and
then with alcohol. For all surgeries, the monkey was ﬁrst
tranquilized with ketamine (Ketalar; Parke-Davis, 5 mg/kg,
intramusculary) and atropine was injected (.05 mg/kg, intra-
musculary) in order to reduce bronchial secretions. Before
surgery, the animal was treated with the analgesic Carprofen
(Rymadil, 4 mg/kg, subcutaneously) and the antibiotic
Albipen (Ampiciline 10%, 30 mg/kg, subcutaneously).
Subsequently, the monkey was anaesthetized with intrave-
nous perfusion of 1% propofol (Fresenius) mixed with a 5%
glucose solution (1 volume of propofol and 2 volumes of
glucose solution); ketamine was added to the perfusion solu-
tion (65 mg/100 ml). To prevent brain oedema, Methylpred-
nisolone (Solu-medrol, Pﬁzer) was added to the propofol/
glucose solution (1 mg/ml). The level of anaesthesia was kept
at an optimal level with a perfusion rate of the propofol/
glucose mixture of 0.1 ml/min/kg.
Fig. 1 e The modiﬁed Brinkman board e static- (panel A),
represented here as seen from above, contains 25 vertical
wells and 25 horizontal wells. As the monkeys usually
scanned the board following an ordered sequence along
the horizontal axis and not along the vertical axis, the
wells were numbered according to their position going
from left to right (numbers 1.5e49.5). When two wells have
a similar left to right coordinate (e.g., the most left 2 wells),
their sequential number was set to 1.5 for both. The next
three wells (3, 4 and 5) having comparable coordinates,
their sequential number was set to 4 for all of them. The
rotating Brinkman board -moving either clockwise or
counterclockwise- (panel B), also as seen from above, is
organized in four concentric rings of wells, ranging from 1
(most external) to 4 (most internal).
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In the surgery room, the animal was placed in a stereotaxic
framework,with local anaesthetics put on the ear bars in order
to reduce pain possibly originating from the ear canals. Before
the incision, the operative site was coveredwith antimicrobial
incisiondrape (Steri-drape 3M Ioban 2) to thoroughly dry the
intact skin. All surgeries were performed in a facility approved
by the local cantonal veterinary ofﬁcer, with strict attention to
sterile techniques. Heart rate, respiration rate, expired CO2,
arterial O2 saturation and rectal temperature were carefully
monitored throughout the surgery.
All monkeys included in the present study (n ¼ 5) were
subjected to a craniotomy above the motor cortex in order to
implant a chronic rectangular stainless steel recording/stim-
ulating chamber for electrophysiological investigations over
the forelimb area of the motor cortex on the left hemisphere,
as previously described (e.g., Liu and Rouiller, 1999). The
recording chamber was anchored to the skull with titanium
screws (Synthes, Cortex screw). The dura mater was kept
intact. Thewhole implantwas secured to the skull with dental
acrylic cement and/or with orthopaedic cement (Palacos 40
Gentamicin 500 mg). The size of the chronic recording
chamber was 22  17  15 mm for three monkeys (Mk-JO, Mk-
JA and Mk-AV), and 28  19  17 mm for the other two
monkeys (Mk-VA and Mk-SL). At the end, the skin around the
chamber was sutured.
On the surgery day when the chamber was implanted, two
monkeys only (Mk-JO and Mk-AV1) were also subjected to
a right dlPFC biopsy which was performed as follows. A
8 mm  8 mm craniotomy was performed above the right
dlPFC and the duramater was incised. Then, a piece of cortical
tissue was extracted using a surgical blade (no. 11, Paragon).
In contrast to the chronic recording chamber above M1, the
bone ﬂap above dlPFCwas put back in place and sutured to the
skull. The muscle and the skin were then sutured as well. As
Fig. 2 e A. Nissl-stained sections in the frontal plane of the dlPFC lesioned monkeys’ brain, at the level of the centre of the
biopsy along the rostroecaudal axis. B. Reconstructions of the biopsy performed from Nissl-stained sections in order to
deﬁne its size and location. The biopsy is represented in red, the ventricles are in turquoise, whereas the yellow circle
corresponds to the pipette passing through the whole brain rostro-caudally and allowing to align the brain sections for 3D
reconstruction, represented in C (blue area), superimposed on a standard macaque monkey brain illustration.
1 Mk-JA appeared in previous reports (Kaeser et al., 2010, 2011)
as a monkey subjected to an autologous transplantation of
progenitor cells derived from dlPFC biopsy. However, the biopsy
in dlPFC of Mk-JA took place at a later time point with respect to
chronic chamber implantation. For this reason, Mk-JA appears
here as a control monkey subjected to a chronic chamber
implantation only at a given time point.
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Fig. 3 e Number of pellets retrieved in 30 sec using either hand (score; y axis) from the 50 slots (cumulating the vertical and
horizontal slots) in the modiﬁed Brinkman board task, by the control monkeys (panel A) and by the monkeys subjected to
dlPFC lesion (panel B), along daily sessions pre- and post-surgery (x axis). The control monkeys (n [ 3) were subjected to
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the three other monkeys (Mk-JA, MK-VA and MK-SL) were not
subjected to such prefrontal cortical biopsy, but were
implanted with a chronic recording chamber on the left
hemisphere, they were considered as control subjects for the
purpose of this PFC lesion study. Comparisons were thus
performed between the two monkeys subjected to the PFC
biopsy and the recording chamber implantation (Mk-JO and
Mk-AV) versus the three monkeys implanted with the
recording chamber only (Mk-JA, Mk-VA and Mk-SL).
After each surgery, the monkey was under observation
until coming out of the anaesthesia, about 30e60 min after
interruption of the propofol perfusion, and started to eat and
drink. The monkey was placed alone in a separate cage for
a couple of days to allow better conditions for recovery, and
received Carprofen (pills of Rymadil mixed with food) daily
and Albipen (subcutaneously) every 2 days during 1 week.
2.3. Histology of the prefrontal area after biopsy
Once the entire experiment was completed (effect of subse-
quentmotor cortex lesion and recovery, see Bashir et al., 2012;
Kaeser et al., 2010, 2011), the monkeys were sacriﬁced. They
were ﬁrst anesthetized with an intramuscular ketamine
injection, and then received a lethal dose of sodium pento-
barbital (90 mg/kg). Following transcardiac perfusion with .9%
saline (400 ml), the perfusion was continued with ﬁxative (3 L
of 4% phosphate buffered paraformaldehyde in .1 M phos-
phate buffer, pH ¼ 7.6) and solutions (2 L each) of the same
ﬁxative containing increasing concentrations of sucrose (10,
20 and 30%). The brain was removed, dissected and stored in
a sucrose solution (30%) for 1.5e2 weeks.
Frozen sections were then cut in the frontal plane at
a thickness of 50 mm. Five to eight series of sections were
collected with a cryotome (HM560, MICROM, Volketswil,
Switzerland) and were stored at 20 C, until used, in the
cryoprotective 50 mM phosphate buffer pH 7.4 solution that
contains 25% glycerol (G7893, SigmaeAldrich, St. Louis, MO,
USA), 30% ethylene glycol (33068, Ridel-de-Hae¨n, Seelze,
Germany). Among these series, one was Nissl-stained.
As described previously (Kaeser et al., 2011), histological
analyses and reconstructions of the dlPFC lesion in the frontal
plane were performed on these Nissl-stained sections with
Mercator. Three-dimensional mapping and volume quanti-
ﬁcations were then performed with Map3D.
3. Results
3.1. Histology
In bothMk-JO andMk-AV, the cortical biopsy included parts of
the areas 9 and 46 of the dlPFC (Fig. 2). The quantiﬁcation of the
biopsy size revealed a larger lesion in Mk-AV (44 mm3) than in
Mk-JO (20.3 mm3). This was due to the mechanical removal of
the tissue performed without precise deﬁnition of the volume
to extract, but with the aim to remove little tissue, but enough
for the cell cultures (Brunet et al., 2005; Kaeser et al., 2011).
3.2. Motor performance
Using the score parameter (number of pellets retrieved in
30 sec) in the modiﬁed Brinkman board task, the post-surgery
performance was compared to the pre-surgery one based on
the scores for all wells (cumulating vertical and horizontal
slots). A mean score and a SD values were computed for the
pre-surgery phase. In the post-surgery phase, data points
situated outside the mean plus or minus 2 SDs area were
considered as signiﬁcant deviations from pre-surgery manual
dexterity performance (Fig. 3). In the controlmonkeys (chronic
chamber implantation only, see Fig. 3A), a signiﬁcant but
reversible decrease of performance was observed after the
implantation of the chronic chamber on the left hemisphere
in Mk-JA, for both the left and the right hands, lasting about 30
days. In the other two control monkeys (Mk-SL and Mk-VA),
the decrease of score post-implantation of the chronic
chamber was either non-signiﬁcant or only very transient
(limited to a few daily sessions). In the dlPFC lesioned
monkeys (Fig. 3B), an effect of the surgery (chronic chamber
implantation and dlPFC biopsy) on behavioural score was also
observed, but to the same extent as in the control monkeys.
The extent of the decrease of score in Mk-AV is comparable to
that observed in the control Mk-JA, but recoveredmore rapidly
after about 10 days. In the second monkey subjected to dlPFC
lesion (Mk-JO), the decrease of score was modest and short-
lasting, as in the control monkeys Mk-SL and Mk-VA.
When looking at the contact time in theModiﬁed Brinkman
Board task (data not shown), as for the score, a statistically
signiﬁcant but transient effect of the surgery, reﬂected by an
increase of contact time independently of the wells orienta-
tion, was observed both in the control and the dlPFC lesioned
monkeys. To note that this effect concerned mainly the right
hand, suggesting that it may be mostly related to the chronic
chamber implantation on the left hemisphere.
In the rotating Brinkman board task (data not shown),
various effects in terms of increase and of decrease of contact
time were partially observed in the control monkeys. In the
dlPFC lesioned monkeys, little statistically signiﬁcant effect
was found, namely uniquely an increase of contact time in
Mk-AV for the right hand when the board rotated
counterclockwise.
Therefore, as these transient impacts on the score and the
contact time were present in both groups of monkeys, they
could not be attributed to the dlPFC lesion speciﬁcally, but
may rather reﬂect a general drop of motor performance
following any type of heavy surgery implicating deep anaes-
thesia, post-surgery treatment (e.g., the analgesic Carprofen)
and/or the implantation of a chronic recording chamber
unilaterally.
chronic chamber implantation only whereas the same implantation was combined to a unilateral lesion of dlPFC in the
dlPFC lesion monkeys (n[ 2). The red vertical line indicates the surgery day. The post-surgery performance was compared
to the pre-surgery one, given by its mean value plus or minus 2 SDs. The two black horizontal lines indicate the superior
and inferior limits (mean pre-lesion value plus 2 SDs and mean pre-lesion value minus 2 SD, respectively).
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Fig. 4 e Picking sequence along the lefteright axis in themodiﬁed Brinkman board task for both hands of one representative
control monkey (A) and the two dlPFC lesioned monkeys (B). X axis represents the consecutive behavioural sessions, one
column thus corresponding to one daily session. Y axis represents the 50 wells of the board, ordered according to their
position along the lefteright axis, independently of their position along the vertical axis (see Fig. 1A). However, to avoid
overlap of symbols, similar sequential numbers (e.g., the 2 wells numbered as 1.5 in Fig. 1A) were arbitrarily split as
numbers 1 and 2 along the ordinate. Colours indicate the temporal picking sequence, ranging from 1 (blue; ﬁrst pellet
retrieved) to 50 (red; last pellet retrieved). Red vertical lines represent the surgery day. The board at the bottom of the
Figure (C) represents the modiﬁed Brinkman board with its 50 wells, coloured and linked according to the prehension
sequence in a given daily session. In the present example, the monkey began to pick the pellets from the right side of the
board (blue symbols), and then progressively moved towards the left side, with red symbols at the leftmost extremity of the
board (Mk-AV, left hand post-lesion).
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Fig. 5 e Quantitative assessment of motor sequence in the modiﬁed Brinkman board task for the three control monkeys
(panel A) and the two monkeys subjected to unilateral dlPFC lesion (panel B). For each graph, as explained in the results
section, an index of systematic motor sequence was computed and plotted as a function of behavioural session before and
after the day (0 in the abscissa) of chamber implantation in the control monkeys and dlPFC lesion associated to chamber
implantation in the 2 lesioned monkeys. In ordinate, the index of motor sequence indicates the extent of deviation from
a systematic sequence starting from the left extremity of the board and terminating at its right extremity, corresponding to
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3.3. Motor habit
The parameters score and contact time considered above are
related to the performance of the monkey in the manual
dexterity task, as the score reﬂects the speed at which the
monkey performs the task overall, whereas the contact time
speciﬁcally reﬂects the manual manipulative component of
the task. In contrast, the concept of motor habit is indepen-
dent from the performance per se, as it rather reﬂects here the
sequential order in which the wells are visited by themonkey.
Although an optimal motor sequence may improve the
performance, similar levels of performance can be reached by
adopting different sequences, namely by starting on one side
of the board and then systematically progressing towards the
other extremity, or vice-versa.
3.3.1. Modiﬁed Brinkman board task
When looking at the picking sequence in the modiﬁed Brink-
man board task, the qualitative data indicated that, before the
surgery (biopsy and/or chronic chamber implantation), all
monkeys performed the task following a more or less repro-
ducible sequence. Indeed, the pellets were not retrieved
randomly along the horizontal axis of the board (Fig. 4),
although the sequence of prehension differed across the
monkeys. For example, Mk-VA (control monkey), when per-
forming the task with the left hand, retrieved the pellets sit-
uated on the left side of the board ﬁrst (blue circles), moving
gradually towards the central part (green and yellow circles)
and ﬁnally towards the right part of the board (red circles),
whereas this monkey performed the task in a “mirror”
sequence with the right hand, namely by retrieving the pellets
from the right side (blue circles) to the left side (red circles) of
the board (Fig. 4A). Still before surgery (including dlPFC lesion),
Mk-JO also exhibited a general trendwith the left hand to scan
the board from left to right (Fig. 4B), though a bit less
systematic than Mk-VA. The same motor sequence (left to
right scan)was adopted byMk-JO for the right hand (Fig. 4B), in
contrast to the right hand of Mk-VA (right to left scan). In
a different way (Fig. 4B), before the lesion of dlPFC, Mk-AV
grasped the pellets with the left hand from the centre (blue
circles), moving towards sometimes the left, sometimes the
right part of the board (green and yellow circles for the pellets
grasped at themiddle of the task, and red circles for the pellets
retrieved towards the end of the task). This monkey, when
performing the task with the right hand, retrieved ﬁrst the
pellets from the left side of the board ﬁrst (blue circles), then
those placed in the centre of the board (green and yellow
circles), to ﬁnally end with the pellets located on the right side
(red circles; Fig. 4B). The qualitative data in Fig. 4 show that the
motor habit related tomotor sequence varies from one animal
to the next for the same manual dexterity task. Fig. 4 also
shows qualitatively that the chronic chamber implantation
did notmodify themotor sequence in the control monkeyMk-
VA, whereas the simultaneous chronic chamber implantation
and dlPFC lesion changed the motor sequence in Mk-JO and
Mk-AV.
The data as presented in Fig. 4 are limited to a qualitative
assessment of motor habits adopted by themonkey regarding
the sequence of prehension. To quantify motor sequencing,
the data were processed as follows. In the modiﬁed Brinkman
board (Fig. 1A), for each well, its spatial position number was
subtracted from the temporal position in the sequence (1e50)
without considering the sign of this difference. Finally, these
differences calculated for the 50 wells were cumulated,
providing an index of systematic motor sequence. For
instance, for a monkey scanning systematically the modiﬁed
Brinkman board from left to right along the horizontal axis,
the cumulated difference is a small number as the temporal
position of the wells in the sequence are close to the spatial
number of the wells. On the other hand, going from right to
left yields a large cumulated difference. This quantiﬁcation
allows also better assessing whether the monkey repeats the
same sequence from one session to the next, as reﬂected in
such a case by a small variability of the cumulated difference
from one daily session to the next. The quantitative data for
themodiﬁed Brinkman board are presented for all monkeys in
Fig. 5. In the control monkeys, Mk-VA is a good example of
a systematic motor sequence. With the left hand, Mk-VA
scanned the board systematically from left to right (see also
Fig. 4A), yielding small cumulated differences (representing
a weak deviation from a left to right sequence of prehension).
After chronic chamber implantation, the same sequence was
maintained, even enforced as the cumulated difference was
signiﬁcantly smaller than pre-lesion. For the right hand,
a large cumulated difference was found (Fig. 5A), as Mk-VA
scanned the board systematically from right to left, with the
exception of a couple of daily sessions in which the sequence
was different both pre- and post-implantation of the chamber
(see also Fig. 4A). There was no difference of cumulated
differences between the sessions pre- and post-implantation
of the chronic chamber. In the other two control monkeys
(Mk-JA and Mk-SL), one animal (Mk-JA) showed a highly
systematic motor sequence with the right hand only (scan
from left to right). For the left hand, as well as either hand of
Mk-SL, the motor sequence was less organized and system-
atic, without statistically signiﬁcant difference between pre-
and post-implantation of the chronic chamber (Fig. 5A).
In the two monkeys subjected to dlPFC lesion (and chronic
chamber implantation), the quantitative data (Fig. 5B) show an
effect on the motor sequence. In Mk-AV (with the largest
lesion), the left (contralesional) hand exhibits a strong change
of sequence when comparing the sessions before the lesion
(sequence starting in themiddle of the board) and the sessions
after the lesion (sequence going systematically from right to
a low value for this precise sequence. The mirror sequence (right to left systematic scan) yields high values. A small
variability from one daily behavioural session to the next indicates a reproducible motor sequence reﬂecting motor habit.
See text for detailed description of the results. The index of motor sequence (ordinate) was compared pre- versus post-
surgery in control monkeys and in dlPFC lesion monkeys, based on the non-parametric Mann and Whitney test. The result
of the statistical comparison is indicated for each graph in the bottom right: ns [ statistically non-signiﬁcant difference
(p> .05); * is for p £ .05; ** is for p £ .01.
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Fig. 6 e Picking sequence from the four rings of the rotating Brinkman board task for each hand of one representative control
monkey and one representative PFC lesionedmonkey. X axis represents the picking sequence, each retrieval being coloured
according to the corresponding ring (black for the ﬁrst, red for the second, blue for the third and green for the fourth; see
Fig. 1B). Y axis indicates the consecutive behavioural sessions, one line thus corresponding to one daily session. Red
horizontal lines represent the day of surgery.
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Fig. 7 e Quantitative assessment of motor sequence in the rotating Brinkman board task for the three control monkeys
(panel A) and the two monkeys subjected to unilateral dlPFC lesion (panel B). For each graph, as explained in the results
section, an index of systematic motor sequence was computed and plotted as a function of behavioural session before and
after the day (0 in the abscissa) of chamber implantation in the control monkeys and dlPFC lesion associated to chamber
implantation in the 2 lesioned monkeys. In ordinate, the index of motor sequence indicates the extent of deviation from
a systematic sequence starting to empty the slots in the external ring and terminating in the inner ring, corresponding to
a low value for this precise sequence. The opposite sequence (inner ring to external ring) would yield high values. A small
variability from one daily behavioural session to the next indicates a reproducible motor sequence reﬂecting motor habit.
The index of motor sequence (ordinate) was compared pre- versus post-surgery in control monkeys and in dlPFC lesion
monkeys, based on the non-parametric Mann and Whitney test. The result of the statistical comparison is indicated for
each graph in the bottom right: ns [ statistically non-signiﬁcant difference (p> .05); * is for p £ .05; ** is for p £ .01.
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left). The difference is statistically highly signiﬁcant (Man-
neWhitney test, p < .001). Still in Mk-AV, a strong effect of the
dlPFC lesion was also found for the right (ipsilesional) hand
(ManneWhitney test, p < .001), consisting in a switch from
generally left to right sequence pre-lesion to the mirror
general sequence (right to left) post-lesion, although therewas
some variability from one daily session to the next (Fig. 5B). In
Mk-JO (subjected to a smaller dlPFC lesion), a signiﬁcant
change of motor sequence related to the dlPFC lesion was
found for the left (contralesional) hand only (ManneWhitney
test, p < .01). Indeed, before lesion, Mk-JO progressively rein-
forced a left to right motor habit with the left hand, which
turned into a more erratic motor sequence post-lesion (Figs.
4B and 5B). In contrast, for the right (ipsilesional) hand, Mk-JO
did not modify the motor sequence after lesion of dlPFC.
Overall, a clear change of prehension sequence in terms of
picking pellets along the lefteright axis occurred in the
modiﬁed Brinkman board task in the dlPFC lesionedmonkeys,
except in Mk-JO for the right (ipsilesional) hand, whereas no
such change was observed in the control monkeys in relation
to the chronic chamber implantation. Therefore, this change
of prehension strategy is most likely a consequence speciﬁc to
the dlPFC lesion. Note that also in Mk-AV, with the largest
dlPFC lesion, the monkey partially returned to the initial
motor sequence with the right (ipsilesional) hand after about
11 daily sessions (Figs. 4B and 5B).
3.3.2. Rotating Brinkman board task
When looking at the prehension sequence from the four rings
of the rotating Brinkman board task (Fig. 1B), before the
surgery (Fig. 6), a general trend appeared, retrieving the pellets
from the most external (either 1 e black circles e or 1 and 2 e
red circles e mixed) to the most internal (4 e green circles)
rings. In other words, the monkey ﬁrst retrieved the pellets
that were the closest, except Mk-SL (Fig. 7A) showing a quite
randomly distributed prehension sequence, grasping some
pellets from the inner ring 4 (green circles) at the beginning of
the session. Furthermore, in Mk-VA (Fig. 7A), the rings were
more intermixed in the sequence of grasping, even with
a trend to retrieve the pellets from the internal to the external
rings when the board rotated counterclockwise, as well as
clockwise for the right hand (Fig. 7).
As described above for the modiﬁed Brinkman board
(Fig. 5), the qualitative data presented in Fig. 6 for the rotating
Brinkman board in twomonkeys have been processed in order
to provide a quantitative assessment for all monkeys (Fig. 7).
The rings of the rotating Brinkman board were numbered
from external to internal and a numerical difference was
computed for each well between the ring number and the
position of the corresponding slot in the temporal sequence.
Neglecting the sign, the differences were cumulated for the 32
slots of the rotating Brinkman board. A small cumulated
difference reﬂects a systematic motor sequence going from
external to internal slots, observed for most monkeys (Fig. 7).
On the contrary, a scan from internal to external rings yields
a large cumulated difference (e.g., Mk-SL in Fig. 7).
As far as the effect of chronic chamber implantation is
concerned (control monkeys), Mk-JA exhibited no change of
motor sequence pre- versus post-implantation (Fig. 7A; see
also Fig. 6A). In the other two control monkeys, the results are
rather mixed and correspond roughly to three events: (i) no
change (Mann and Whitney test, non-signiﬁcant
difference ¼ “ns”, e.g., left hand for clockwise rotation in
Mk-VA); (ii) in spite of a statistically signiﬁcant difference
(Mann and Whitney test: “*” is for p  .05 or “**” is for p  .01),
there was a progressive drift of motor sequence, not inﬂu-
enced by the chamber implantation (e.g., Mk-SL for left hand
both rotation directions and right hand clockwise); (iii)
a change related to the chamber implantation in 4 instances
(Mann and Whitney test: “*” is for p  .05 or “**” is for p  .01;
e.g., Mk-SL for the right hand counterclockwise andMk-VA for
counterclockwise both hands and clockwise right hand).
Overall, in the group of control monkeys, considering each
hand and the two directions of rotation, no change directly
related to chamber implantation was observed in 8 instances
out of a total of 12 (Fig. 7A), whereas there was a change only
in 4 instances. In the two monkeys subjected to dlPFC lesion
(Fig. 7B), Mk-JOwith the smallest lesion exhibited no change in
the motor sequence for the rotating Brinkman board task,
except a modest reinforcement of the systematic external to
internal rings sequence. In Mk-AV (large dlPFC lesion), the
motor sequence was not affected by the lesion in the clock-
wise rotation whereas there was a dramatic change in the
counterclockwise rotation for both hands, as the monkey
adopted a more erratic motor sequence, quite variable from
one daily session to the next (Fig. 7B; see also Fig. 6B).
4. Discussion
Based on the comparison between three control monkeys
(chronic chamber implantation only) and two monkeys sub-
jected to a lesion of the dlPFC (in addition to chronic chamber
implantation), the present study provides evidence that dlPFC
is involved in the representation of motor habits in a “free-
will” sequential motor task of manipulating multiple objects
with the hand. Indeed a lesion of dlPFC led to a change of the
temporal order of grasping pellets from 32 or 50 spatially
distinct slots in the modiﬁed Brinkman board task and in the
rotating Brinkman board task, respectively, although the
impact of the lesion was more striking in the former than in
the latter test. In contrast, the lesion of dlPFC did not affect the
motor performance per se, namely the ﬁne manual dexterity
and/or the speed of movements’ execution. There is prelimi-
nary evidence that the extent of the dlPFC lesion effect on the
motor sequence relates to the size of the lesion. Furthermore,
for the largest unilateral lesion of dlPFC (Mk-AV), the change
of motor habits affected both hand, whereas in the case of
a smaller dlPFC lesion (Mk-JO) the changewas observed for the
contralesional hand only. The change ofmotor habit related to
dlPFC lesion was not just transient but lasted for at least 2e3
weeks (the evolution on the longer long-term is unknown, as
the monkeys involved in our protocol were then subjected to
a lesion of the primary motor cortex; see Kaeser et al., 2010,
2011). To the best of our knowledge, the present study repre-
sents a ﬁrst evidence for a role of dlPFC in motor habits, such
as motor sequencing on a “free-will” basis.
The role played by dlPFC in the sequential order of the
present “free-will” manual dexterity task (modiﬁed Brinkman
board task) in monkeys is reminiscent of previous data
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reportedby Brinkman (1984), basedona similar task in relation
to a unilateral lesion of SMA. As in the present study, before
lesion of SMA, themonkeys performed the task in a systematic
manner, going fromone slot to themost adjacent one or to one
close to it (Brinkman, 1984). After unilateral lesion of SMA,
a short-term effect was observed, i.e., the trajectories of the
hand movements visiting the different slots became more
erratic, jumping from one slot to another distant one
(Brinkman, 1984). In the latter study, this observation was
made at a unique time point (1 week post-lesion) whereas, in
the present study, the effect of the dlPFC lesion has been
assessed at multiple time points post-lesion during a few
weeks. In any case, both the study of Brinkman (1984) and the
present work suggest that SMA and dlPFC belong to the same
brain network in which sequential motor habits are repre-
sented.The representationof suchmotorhabits, not in a single
cortical area, but rather in multiple cortical areas (dlPFC and
SMA at least), without excluding subcortical representation
(e.g., basal ganglia, cerebellum), forming a brain network is
consistent with the idea that the lesion of dlPFC affected the
corresponding network by switching the motor sequence but
also suggests that rapid post-lesion adaptation in the network
allowed to represent the “new”motor sequence emergingafter
the lesion of dlPFC. A role of subcortical areas in the repre-
sentation ofmotor habits remains an open question, although
it was recently shown that the globus pallidus does not
contribute to motor sequencing but to motor execution per se
(Desmurget and Turner, 2010).
Is there a relationship between motor performance (score,
contact time) andmotor sequencing, for instance a signiﬁcant
drop of score associated to a change of motor habit regarding
sequencing? From the present data, it does not seem to be the
case. First, the change of motor performance after the dlPFC
lesion and chamber implantation was verymodest (Fig. 3: Mk-
JO and Mk-AV), making unlikely an effect on the motor habit.
Second, the duration of the drop in motor performance (a few
days) before recovery of the score is different from the time
course of the change of motor sequence (at least 2e3 weeks).
Can the change in motor habit following lesion of dlPFC be
interpreted as a consequence of a spatial neglect centred on
the object? Such a deﬁcit is commonly associated to a lesion of
the posterior parietal cortex, but as dlPFC is part of the same
network such interpretationmaybe considered. Lookingat the
data presented in Fig. 4B, it is however unlikely. In Mk-JO,
a right dlPFC lesion would correspond to a spatial neglect of
the left half of the modiﬁed Brinkman board. Although after
the dlPFC lesion, Mk-JO initiated grasping more on the right
side instead of more systematically on the left side as pre-
lesion, a few daily sessions clearly demonstrate that the left
side of the boardwasnot neglectedwith the left handand even
more sowith the right hand, withwhich the scan continued to
be initiated on the left side of the board, with the exception of
the ﬁrst post-lesion session. In Mk-AV, the change of motor
habitwith the left handafter dlPFC lesionmaysuggest a spatial
neglect (onset in the centre of the board switched to the right
extremity). However, with the right hand, although the
monkey switched from a left to right sequence pre-lesion to
a mirror trajectory post-lesion (right to left), there are again
somedaily sessions inwhich a few slots locatedon the left side
of the board were visited early in the sequence (Fig. 4B).
Moreover, the present results demonstrate transientmotor
deﬁcits of manual dexterity following a surgery, performed
under deep anaesthesia and followed by post-surgery medi-
cation (analgesic and antibiotics), aimed at implanting
a chronic recording chamber above the motor cortex unilat-
erally. The difﬁculty here is to tentatively distinguish the
possible effect of the general anaesthesia and subsequent
medication from the effect of the presence of a chronic
chamber above the primary motor cortex (M1). In control
monkeys (subjected only to the anaesthesia/medication and
unilateral chronic chamber implantation), the score was
diminished during a few days post-surgery. As this effect was
comparable for each hand, it rather argues for a non-speciﬁc
impact, possibly resulting from the general anaesthesia/
medication. In contrast, the effect on the contact time was
more prominent on the hand opposite to the hemisphere
where the chronic chamber was implanted, suggesting in
addition an effect of the craniotomy and exposing the dura
mater above M1. In summary, following implantation of
a chronic chamber, a mixed effect of general anaesthesia/
medication and surgical intervention above a restricted
cortical zone both played a role in transiently decreasing the
motor performance. As a consequence, it is important to
evaluate themotor performance of themonkeys continuously
and, after chronic chamber implantation, to wait for a return
to a behavioural plateau as pre-implantation, before pursuing
the experimental protocol (e.g., lesion and/or electrophysio-
logical recordings).
The effects on the motor performance observed after the
surgery were not speciﬁcally related to the dlPFC lesion.
Indeed, these changes occurred both in the control monkeys
and the dlPFC lesioned monkeys, for both manual dexterity
tasks. In the modiﬁed Brinkman board task, a transient
decrease of motor performance on the score parameter was
found systematically in all monkeys and for both hands. For
the contact time, such a transient decrease of performance
appeared both in control and dlPFC lesioned monkeys, espe-
cially for their right hand, again suggesting that the chamber
implantation on the left hemisphere played a role. For the
contact time in the rotating Brinkman board task, some
changes were observed in all the control monkeys, but not
systematically, whereas a change occurred in one of the two
PFC lesionedmonkeys (Mk-AV), affecting the right handwhen
the board rotated counterclockwise.
In contrast, when considering the temporal sequence of
the multiple grasping (sequential order to visit the consecu-
tive wells), the changes observed were speciﬁcally related to
the right dlPFC biopsy. Indeed, for the modiﬁed Brinkman
board task, there was a clear change of the picking sequence
along the lefteright axis of the board for the two hands in the
dlPFC lesioned monkeys uniquely. The effect was more
pronounced in Mk-AV, the monkey subjected to the largest
biopsy (44 mm3, versus 20.3 mm3 in Mk-JO). Along the same
line, themost signiﬁcant change that happened in the rotating
Brinkman board task concerned Mk-AV for the picking
sequence from the four rings, when the board rotated coun-
terclockwise, and for both hands. Although the present data
are limited to twomonkeyswith a lesion of the right dlPFC, the
comparison performed with three control monkeys showed
a clear distinction between the two groups, a conclusion
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supported by statistical analysis (Figs. 5 and 7). Furthermore,
the effects of the dlPFC biopsy were more substantial in the
monkey subjected to the largest dlPFC lesion (Mk-AV vs Mk-
JO), supporting the notion that the effect on motor habit is
most likely due to the dlPFC lesion.
Overall, apparently in line with previous studies having
demonstrated an implication of the dlPFC in the visuo-spatial
working memory (e.g., Courtney et al., 1998; Funahashi et al.,
1993; Smith and Jonides, 1999; Qi et al., 2010; Wilson et al.,
1993), the present results show changes resulting from right
dlPFC lesion, mainly on parameters reﬂecting a processing of
either static or rotation-moving visuo-spatial information, in
relation to prehension movements and the planning of the
optimalpicking sequence toperformmanualprehension tasks,
ofwhich execution depends on dlPFC (e.g., Amiez and Petrides,
2007; Barraclough et al., 2004; Fletcher et al., 1997; Goel and
Dolan, 2000; Goldberg et al., 1994; Heekeren et al., 2006; Seo
et al., 2007). Furthermore, the present results are consistent
with themodel of Petrides suggesting that dlPFC is involved in
high order executive control functions, as well as with amodel
proposing a hemispheric laterality effect, with a greater right
PFC activation during spatial tasks (Baker et al., 1996;McCarthy
et al., 1996; Reuter-Lorenz et al., 2000). In the present study, the
dlPFC biopsy was indeed performed in the right hemisphere.
However, in absence of left dlPFC lesion in macaques involved
in the present investigation, the issue of hemispheric laterali-
zation in the macaque monkeys remains speculative.
The clear effect of the dlPFC lesion on the strategy of
prehension of the monkeys in the two manual dexterity tasks
is paradoxical, as one would have expected that with the
overtraining for the two motor tasks, the planning of the
temporal sequence of the wells to be visited, indeed under
control of the dlPFC during training, would have been dele-
gated to hierarchically lower brain areas (premotor cortex,M1,
basal ganglia, etc.) when the motor tasks are over-trained. In
other words, dlPFC is not only contributing to the develop-
ment of habits during motor learning but, surprisingly, also to
the persistence of such motor habits, at least as far as motor
sequencing is concerned. An originality of the present study is
to have demonstrated a role for the dlPFC in the control of
a “free-will”, over-trained sequential motor task, which is
neither conditional nor dependent on working memory.
Nevertheless, the data illustrated in Figs. 4e7 also show that
such a role of dlPFC in motor habit can be taken over after the
dlPFC lesion by other brain regions, as discussed above.
For the continuation of the experiments in the context of
transplantation of autologous adult cortical cells, biopsies
sampled from the prefrontal cortex have to be done to
produce autologous progenitor neural cell ecosystems (Bloch
et al., 2011; Brunet et al., 2002, 2003, 2005) both in a model of
motor cortex lesion (Kaeser et al., 2010, 2011) and in amodel of
neurodegenerative disease (Brunet et al., 2009). The present
data points out to the necessity to restrict the volume of the
biopsy as much as possible (less than 10 mm3), to avoid an
effect of the biopsy per se on the behavioural readout. Along
this line, for future clinical trials, a compromise regarding the
size of the biopsy needs to be found, between a sufﬁciently
large biopsy to collect enough progenitor cells and a biopsy
sufﬁciently small to limit undesired deﬁcits, especially
possible effects that were not assessed here, such as psychic
state changes. The impacts of the dlPFC biopsy, observed here
on the motor habit but not on the motor performance itself of
monkeys, remains however limited when the volume of the
biopsy is small (as in Mk-JO). These observations reinforce the
conclusion from previous work that the autologous trans-
plantation of adult progenitor cortical cells is a safe procedure,
in addition to the consideration of improving recovery from
cortical lesion in macaque monkeys (Kaeser et al., 2011).
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